Silver was bonded to nickel by using silveroxide particles with cetyl alcohol as a bonding material for bonding at 350°C under H 2 . The shear strength of the bonds formed with the joining medium of silver oxide/cetyl alcohol was 27.1 MPa. Sintered silver was bonded to nickel without the oxide layer that ensured the sintered silver was strongly bonded to nickel, which was confirmed by cross-sectional transmission electron microscopy.
Introduction
Innovative packaging technologies are required for electrical parts in high-temperature environments. 1) For example, new semiconductor packaging technologies are needed to produce hybrid vehicles, in which the electrical parts around the inverter system are exposed to large amounts of heat generated from the engine and/or high-current circuits. 1, 2) Because die-bonded parts are exposed to higher temperatures, bonding materials with better heat resisting and releasing properties are crucially needed to enable chips to operate stably with long-term reliability.
A bonding technique using nanoparticles has been developed to satisfy this demand. 3, 4) The melting point of nanoparticles decreases to a point lower than that of their bulk when their size reaches several nanometers. 5) This phenomenon can be exploited to bond materials at temperatures below their own melting points. The bonds formed by nanoparticles have metallic structures, 3, 4) which means that they can not only be resistant to heat but also its release. However, the cost of synthesizing nanoparticles is an obstacle that prevents this material from being used in industry.
We developed low-temperature bonding using silver oxide (Ag 2 O) particles with a reducing agent as an alternative to silver nanoparticles.
6) The reduction and sintering of silver oxide is lowered to 150°C by using a reducing agent, 6, 10) while silver oxide is reduced at about 400°C.
79)
Therefore, low-temperature bonding at 250°C or less can be achieved by using these materials. 6, 10) However, the electrodes used for bonding are limited to gold, silver 6) and copper. 10) Nickel is often used as electrodes in power semiconductor devices, which means that silver needs to be bonded to the nickel electrodes to expand this technique. Silver has not yet been able to be bonded to nickel due to the nickel oxide layer that is formed on the nickel electrode. 11) Using a H 2 atmosphere would effectively remove the oxide layer in the bonding process. We studied the bonding of sintered silver to nickel by using silver oxide with cetyl alcohol as a bonding material and H 2 atmosphere in the bonding process.
Experimental Procedure
Silver oxide and cetyl alcohol were used as bonding materials. Cetyl alcohol was chosen as a reducing agent for the silver oxide. The amount of cetyl alcohol added to the silveroxide particles was 10 mass%. These materials were purchased from Wako Chemicals and used as received. The silveroxide particles used in the experiments ranged from 1 to 4 µm. The bonding materials were prepared by mixing with a pestle and mortar for 5 min.
The reduction temperature for the materials under H 2 was measured with a thermogravimetric analyzer (Mettler-Toledo TGA/SDTA851). The measurements were done in a 3% H 2 and 97% N 2 gas mixture with a flow rate of 80 mL/min at a heating rate of 10°C/min.
The bonding strength was evaluated as shear strength. Two anoxic copper disks plated with nickel (thickness of approximately 2 µm) were used for the shear test. One specimen was 10 mm in diameter and 5 mm thick. The other was 5 mm in diameter and 2 mm thick. Bonding materials were applied to the larger specimen, which were about 50 µm thick. The smaller specimen was then placed on the bonding materials of the larger specimen. The specimens were pressed for 10 min in a vacuum reflow system (Shinko Seiki) of H 2 ambient under a constant pressure of 1.2 MPa, during which the test specimens were kept at 150, 200, 250, 300 and 350°C. The heating rate was 60°C/min.
The shear strength was measured by breaking the bond between Ni-plated copper-disks with a shearing tool. A bond tester (SS-100KP, Seishin Trading) was used. The shear strength was taken as the maximum load during fracture divided by the bond surface area. The speed of the sheer arm was set to 30 mm/min.
The fractured surfaces after the shear test and the bond layer were observed with a scanning electron microscope (SEM, Hitachi S4300) at an accelerating voltage of 20 kV. In addition, energy-dispersive X-ray (EDX) spectrometry for elemental analysis of the fractured surfaces was performed.
The cross section of the bonded layer between sintered silver and the nickel disks was observed using a transmission electron microscope (TEM, Hitachi H9000) that was operated at an accelerating voltage of 300 kV. The specimens for cross-sectional observation were prepared with a focused ion beam (FIB, Hitachi FB-2000A). Layers damaged by the FIB were removed by low-energy argon-ion milling (Technoorg Linda Gentle Mill).
Results and Discussion
The bond characteristics for the silver oxide with cetyl alcohol was evaluated at a bonding temperature that ranged between 150 and 350°C. Figure 1 plots the results for the shear strengths, which were 1.9 and 7.1 MPa at bonding temperatures of 150 and 200°C. However, the bonding strength increased above 250°C and the strengths were 22.3, 24.3 and 27.1 MPa, which corresponded to bonding temperatures of 250, 300 and 350°C.
The reduction temperature for the bonding material was measured with TGA to investigate the difference in shear strengths. Figure 2 plots the TGA results for silver oxide with cetyl alcohol under H 2 . The TGA curve indicates a weight loss from 120 to 250°C. The weight loss from 120 to 150°C was mainly due to the reduction of silver oxide, reacting with the long chain alcohol, according to our previous study. 6) Another weight loss from 150 to 250°C was due to the residual materials derived from cetyl alcohol. Because the residual material was removed at these temperatures, the sintering of silver particles derived from silver oxide particles could occur above 250°C. Also, the reduction temperature of the nickel oxide layer on nickel electrode could be related to the bonding temperature. When PbSn is used for bonding to the nickel electrode, the nickel oxide layer is removed at 250°C. These results and considerations indicated that the bonding of sintered silver to nickel could proceed above 250°C.
12) The bonding strength increased above 250°C for that reason.
The fractured surfaces obtained by silver oxide with cetyl alcohol were then investigated. Figures 3(a) and 3(b) show the fractured surfaces and their elemental mapping images obtained by the bonding material for bonding at 350°C. The adhesion of sintered silver to the nickel in the interfacial fracture surface was confirmed. This fracture morphology indicated that the nickel-to-nickel joint obtained by using silver oxide with cetyl alcohol was fractured in the sintered silver layer. This also means that the bonding strength between sintered silver and nickel was higher than that of the sintered silver layer. Figure 4 (a) shows a cross-sectional TEM image of the interface formed at 350°C under a constant pressure of 1.2 MPa. Although a submicron void was observed in the sintered layer, no voids were observed at the interface between nickel and the sintered silver layer in Fig. 4(a) . In the high-magnification image of interface, in Fig. 4(b) , we can clearly see the sintered silver layer being bonded to the nickel without the oxide layer. The nickel oxide layer could be removed by H 2 in the bonding process. Therefore, we could bond the sintered silver to nickel. This bonding structure ensured strong bonding between sintered silver and nickel.
Conclusions
Sintered silver was bonded to nickel by silver oxide with cetyl alcohol as a bonding material. The bonding strength was 27.1 MPa for bonding at 350°C under an H 2 atmosphere. The sintered silver and nickel were successfully bonded without a nickel oxide layer on nickel. The oxide layer was removed by H 2 in the bonding process. The bonding structure ensured sintered silver was strongly bonded to nickel. 
